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Synaptic vesicle exo- and endocytosis are usually
driven by neuronal activity but can also occur spon-
taneously. The identity and differences between
vesicles supporting evoked and spontaneous neuro-
transmission remain highly debated. Here we
combined nanometer-resolution imaging with a tran-
sient motion analysis approach to examine the
dynamics of individual synaptic vesicles in hippo-
campal terminals under physiological conditions.
We found that vesicles undergoing spontaneous
and stimulated endocytosis differ in their dynamic
behavior, particularly in the ability to engage in di-
rected motion. Our data indicate that such motional
differences depend on the myosin family of motor
proteins, particularly myosin II. Analysis of synaptic
transmission in the presence of myosin II inhibitor
confirmed a specific role for myosin II in evoked,
but not spontaneous, neurotransmission and also
suggested a functional role of myosin II-mediated
vesicle motion in supporting vesicle mobilization
during neural activity.
INTRODUCTION
Activity-evoked and spontaneous vesicle exo-/endocytosis
support the two fundamental modes of neurotransmission at
synapses. Within our current understanding, the arrival of an
action potential at the synapse triggers an increase in the cyto-
solic Ca2+ concentration, which leads to evoked fusion of vesi-
cles docked at the active zone within a fewmilliseconds (Sudhof,
2004). Such activity-evoked vesicle fusion supports most of
neurotransmitter release and is an essential component of syn-
aptic information transmission. However, it is also known that
vesicle fusion and uptake occur even in the absence of activity,
albeit at a very low rate of one to two vesicles per minute (Gep-
pert et al., 1994; Murthy and Stevens, 1999). This spontaneous
activity has been shown to be essential for the stabilization and
maintenance of synaptic structure and function (McKinney
et al., 1999; Sutton et al., 2006). The identity of the vesicles sup-1108 Neuron 73, 1108–1115, March 22, 2012 ª2012 Elsevier Inc.porting these two modes of neurotransmission remains,
however, highly debated (Chung et al., 2010; Fredj and Burrone,
2009; Groemer and Klingauf, 2007; Hua et al., 2010, 2011; Sara
et al., 2005; Wilhelm et al., 2010).
One current view is that spontaneous events represent the
stochastic fusion of vesicles that are already docked and primed
for release (Murthy and Stevens, 1999) and are driven by the
same molecular machinery that supports evoked vesicle fusion
(Sudhof, 2004). These ‘‘spontaneous’’ vesicles normally have
a very low probability of fusion, which is heightened upon stimu-
lation due to calcium influx, giving rise to ‘‘evoked’’ fusion. In the
context of this theory, there would be no differences in the iden-
tity of the evoked and spontaneous vesicles except for the
circumstances under which they happened to have fused.
Although numerous studies support this hypothesis (Groemer
and Klingauf, 2007; Hua et al., 2010;Wilhelm et al., 2010), equally
numerous experiments indicate that evoked and spontaneous
vesicles form nonoverlapping pools with potentially different
molecular signatures (Chung et al., 2010; Fredj and Burrone,
2009; Hua et al., 2011; Sara et al., 2005).
Despite the differing and sometimes contradictory conclu-
sions drawn from the previous studies, all of them have primarily
focused on the characterization of vesicle properties based upon
the bulk dynamics of exo- and endocytosis, such as the kinetics
of styryl (FM) dye destaining or changes in pHluorin fluorescence
upon stimulation. Here, we sought to address this controversy
by taking a different route toward understanding the properties
of spontaneous and evoked vesicles. In particular, we performed
nanometer-precision tracking of individual spontaneous and
evoked vesicles in order to investigate whether these two func-
tionally different vesicle categories could also be distinguished
by their motional behavior.
RESULTS AND DISCUSSION
Detection and Tracking of Individual Synaptic Vesicles
in Hippocampal Synapses
To reliably detect the position of a single fluorescently labeled
vesicle, we implemented an approach similar in principles to
the proven technique of fluorescence imaging with one nano-
meter accuracy (FIONA) (Yildiz et al., 2003), which has been
demonstrated for other systems. Our strategy was first to use
a new variant of FM dye, SGC5, which was previously shown
AC
B Figure 1. Detection and Tracking of Indi-
vidual Synaptic Vesicles in Hippocampal
Synapses
(A) Schematic of experimental protocol for labeling
single vesicles. Each sparse staining was followed
by a maximal staining/destaining procedure in
order to identify locations of active synapses. (B)
Sample single-particle, maximal stain, and
maximal destain images acquired in an experiment
with stimulation-evoked vesicle labeling. Isolated
puncta in the single-particle image that colocalize
with active synapses are identified as synaptic
vesicles, as highlighted by an example indicated
by the arrows. (C) Sample trajectories (top) and
raw images (bottom) for a 40 nm stationary fluo-
rescent bead, an activity-labeled vesicle, a spon-
taneously labeled vesicle, and an activity-labeled
vesicle from an example are shown by the arrows
in the single-particle image (B), respectively.
Synaptic vesicle images have similar sizes to the
PSF of our imaging system, which was measured
using 40 nm stationary fluorescent beads. The
uncertainty of localization is illustrated as error
bars in red superimposed upon the track of the
‘‘evoked’’ vesicle. Error bars indicate ± SD. Scale
bar represents 240 nm and is the same for all
images.
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several-fold brighter fluorescence (Wu et al., 2009). The
consequently high signal-to-noise ratio allowed the individual
stained vesicles to be clearly distinguished above the back-
ground (Figures 1B and 1C; see also Figures S1A–S1C available
online).
Next, we ensured sparse labeling of vesicles. Isolated staining
eliminates the need to distinguish between two vesicles within
subdiffraction distances of each other and allows for unambig-
uous linking of features in consecutive frames of the movie to
form a track for each vesicle. To accomplish this, we labeled
evoked vesicles by using one action potential (AP) stimulation
at the beginning of the 30-s-long dye exposure. Spontaneous
labeling was performed via dye exposure for 60 s in the presence
of tetrodotoxin (TTX) after 30 s of ‘‘presilencing’’ with TTX to
ensure complete activity block (Figure 1A). Given the low release
probability of excitatory hippocampal synapses (Murthy et al.,
1997) and a very low rate of spontaneous endocytosis at these
synapses (1 vesicle/min) (Murthy and Stevens, 1999; Xu
et al., 2009), we expected that these protocols would stain at
most one vesicle per synapse in the majority of the synaptic
population.
To further ensure that only single vesicles were selected for
analysis, we used a previously described feature-detection soft-
ware (Jaqaman et al., 2008) that was capable of identifying
closely positioned particles at subdiffraction distances. Because
synaptic vesicles (50 nm in diameter) aremuch smaller than the
diffraction-limited resolution of conventional light microscopy,
individual vesicles are expected to appear as puncta with a
size and shape very similar to the point spread function (PSF)
of our imaging system, which was predetermined using
stationary fluorescent 40 nm beads (see Figures 1C and S1A–
S1C). The detection software extracts the locations of objectswithin an image by fitting each detected feature with one or
more appropriately positioned Gaussians, each with same width
as the PSF. A mixture-model fitting algorithm which weights
the penalty from having multiple PSFs against improvement
of the fit in the form of an F test (cutoff p < 0.0005) is used to
determine the optimal number of PSF features that would best
represent each puncta (Jaqaman et al., 2008). Such iterative
PSF fitting has been previously shown to achieve100 nm reso-
lution without the use of specialized superresolution imaging
equipment (Thomann et al., 2002).
In our experiments, more than one particle was indeed identi-
fied in a small number of synapses (<10%; Figures S1D and
S1E). These cases were not analyzed further to avoid ambiguity
of intersecting vesicle trajectories. Tomake sure that only single-
vesicle trajectories were being analyzed, we plotted the histo-
grams of integrated fluorescence values at the sites of functional
synapses (as determined by our whole synapse stain/destain
procedure; Figure 1A) for both spontaneous and evoked vesicle
labeling (Figures S1D and S1E). The prediction of the number of
vesicles labeled per functional synapse, as given by the fluores-
cence values histograms, closely agreed with the PSF feature
counts from our detection software (Figures S1D and S1E, inset),
providing an independent confirmation of the single-vesicle
assertion. We should note that our analysis does not exclude
the possibility that, in a small number of synapses, several
labeled vesicles could still be present if they were tightly colocal-
ized or coupled for the duration of the entire movie. In such
cases, however, vesicles would also move as one object for
the entire movie, and thus not contribute any false-positive
mobility.
Similar to the use of FIONA in studying the mobility of
myosin V (Yildiz et al., 2003), we compiled the locations of
each vesicle over the entire movie to form a track of theNeuron 73, 1108–1115, March 22, 2012 ª2012 Elsevier Inc. 1109
Figure 2. Differential Motion of Synaptic Vesicles
Labeled Spontaneously or by Activity
(A) Representative track of an evoked vesicle. The red circle
centered at the vesicle’s mean position is used to mark the
region within which the vesicle spent 95% of its observed
lifetime. Colored images show the raw images of the vesicle at
the indicated time points with the same field of view. The
corresponding vesicle location, as determined by the
Gaussian fit, is shown as the blue dots on top of the raw
images. Raw images show clear movement within the field of
view and bleaching of the vesicle throughout themovie. (B and
C) Same as (A), for a spontaneous vesicle (B) and for an
evoked vesicle with 60 s of prior TTX exposure (TTX control)
(C). (D) The spatial range of motion (defined as the diameter of
the 95% circle) for the three classes of vesicles: stained by 1
AP (evoked), stained spontaneous (spont.), and stained by 1
AP after 60 s of prior TTX exposure (TTX control). As a refer-
ence, the spatial range of motion for stationary beads was
32 nm on average for the same movie duration. (E). Mean
vesicle speeds for the three vesicle categories. For evoked
vesicles, 34 tracks from n = 11 experiments (different cultures)
were analyzed. For spontaneous vesicles, 46 tracks from
n = 21 experiments were analyzed. For TTX control vesicles,
18 tracks from n = 6 experiments were analyzed. Statistical
significance for (D) and (E) was determined using one-sided
ANOVA test; ns, not significant; *p < 0.05; **p < 0.001;
***p < 0.0001. Error bars indicate ± SEM.
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to have sufficient data points to characterize the vesicle’s
motion, we discarded any tracks with total length of 12 s or
less. Our analysis program also computed the error in the
localization of each feature as determined by the system
parameters and the feature’s signal-to-noise ratio. Such errors
in localization (SD z 20 nm) were small and did not mask
the movement of vesicles that were truly mobile (Figure 1C).
We note that our approach allowed for nanometer-precision
localization and tracking of individual synaptic vesicles in
hippocampal cultures without the need for specialized experi-
mental apparatus.
Each experiment consisted of two sets of movies obtained at
37C (Figure 1A). First, single-evoked or spontaneous vesicles
were sparsely labeled. In both cases, the end of vesicle labeling
was marked by the removal of excess dye via a 7 min wash in
a low calcium bath solution. We then imaged the stained vesicles
at 10 frames/s over a 20 s period (we also performed a series of
experiments at twice the frame rate, or twice the duration, both
of which yielded identical results; data not shown). In order to
differentiate between synaptic vesicles and debris in the culture,
every sparse staining experiment was followed by a maximal
stain/destain procedure using FM1-43, in which the locations
of functional synapses were identified as local maximums that
stained/destained upon strong stimulation (Figure 1A). Single-
particle tracks that colocalized with functional synapses at any
time during their lifetime were taken as true synaptic vesicles
(Figures 1B and 1C). A number of vesicles that traveled into
and along the axons were observed (Figure S2A) and were
excluded from our analysis to avoid the contributions of axonally
transported vesicles. We confirmed this assertion by using the
microtubule-disrupting agent nocodazole, which was previously
shown to block axonal transport (Samson et al., 1979) and had1110 Neuron 73, 1108–1115, March 22, 2012 ª2012 Elsevier Inc.no effect on themobility of vesicles included for analysis (Figures
S2B and S2C).
Differential Motion Dynamics of Synaptic Vesicles
Labeled Spontaneously or by Activity
Visual examination of sample tracks from vesicles stained by
stimulationor in thepresenceofTTX indicated that spontaneously
labeled vesicles appeared tobe lessmobile thanevokedvesicles.
Many evoked vesicles exhibited extensive movements within
the field of view (Figure 2A), whereas spontaneous vesicles often
appeared stationary (Figure 2B). The observed vesicle motion
was not due to the instability of the imaging apparatus, as we
confirmed by using tracking of fluorescent 40 nm beads affixed
to the coverslip, which exhibited <8 nm/frame drift in each direc-
tion (Figure 1C). To quantitatively examine these apparent
differences in mobility, we first characterized each vesicle’s
spatial range of mobility by a circle centered at its mean position,
within which the vesicle spent 95%of its observed lifetime. Large
sample experiments confirmed our initial observation by showing
that, on average, evoked vesicles traversed amuch larger spatial
domain than spontaneous vesicles (evoked vesicles: 170 ±
17 nm; spontaneous vesicles: 92 ± 9 nm; p = 0.00005; Figure 2D).
Because previous work suggested that vesicle mobility could be
decreased by the presence of TTX (Kamin et al., 2010), we per-
formed a series of control experiments to ensure that the
observed differences were not due to TTX exposure. We found
that 60 s exposure to TTX prior to evoked vesicle labeling did
not significantly alter their spatial range (Figures 2C and 2D).
Thiswas the sameamount of TTXexposure receivedby the spon-
taneously stained vesicles during their labeling phase, indicating
that our observation could not be attributed to TTX exposure.
We note that the above result encompasses two factors that
may, in principle, operate independently of each other. First,
Figure 3. Differential Extent of Directed Motion by
Spontaneous and Evoked Vesicles and Its Molecular
Mechanism
(A) Sample track of an evoked vesicle illustrating the concept
of ‘‘directed’’ motion (see Supplemental Experimental Proce-
dures and Figure S3). (B) Sample tracks (top) and corre-
sponding classification (bottom) of each time point as directed
motion (red dots) and nondirected motion (green dots) for
evoked (left) and spontaneous (right) vesicles. (C) Average
percentage of vesicle lifetime spent in directed motion for
evoked and spontaneous vesicles and TTX control vesicles.
(D) Same as (C), for vesicles undergoing ‘‘early’’ or ‘‘late’’
activity-evoked endocytosis. (E) Spatial range of vesicle
motion after treatment with MLCK inhibitor ML-9 or myosin II
inhibitor blebbistatin (BB) for evoked and spontaneous vesi-
cles. (F) Average percentage of vesicle lifetime spent in
directed motion after treatment with ML-9 or blebbistatin for
evoked and spontaneous vesicles. (G) Distribution of vesicle
speeds during directed motion for spontaneous vesicles,
evoked vesicles, evoked vesicles exposed to ML-9, or evoked
vesicles exposed to blebbistatin. Vesicle speeds were deter-
mined based on mobility over ten frames (x10(t)/10; see
Supplemental Experimental Procedures). (H) The high-speed
region of the speed distribution graph in (G) is shown on an
expanded scale. For evoked vesicles exposed to ML-9, 41
tracks from n = 10 experiments were analyzed. For sponta-
neous vesicles exposed to ML-9, 18 tracks from n = 5
experiments were analyzed. For evoked vesicles exposed to
blebbistatin, 27 tracks from n = 6 experiments were analyzed.
For spontaneous vesicles exposed to blebbistatin, 22 tracks
from n = 5 experiments were analyzed. For early endocytosed
vesicles, 30 tracks from n = 5 experiments were analyzed.
For late endocytosed vesicles, 27 tracks from n = 4 experi-
ments were analyzed. Statistical significance was determined
by using one-sided ANOVA test for (E) and by using the Mann-
Whitney test for (C), (D), and (F). ns, not significant; *p < 0.05;
**p < 0.001; ***p < 0.0001. Error bars indicate ± SEM.
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spontaneous vesicles. Second, the evoked vesicles may exhibit
greater correlations in the directions of their displacements,
resulting in a larger net displacement over time. To examine
the first possibility, we computed the mean instantaneous speed
of vesicles in our three categories: evoked, spontaneous, and
TTX control (representing evoked vesicles with TTX presilencing)
(Figure 2E). In order to mitigate the effect of noise, we smoothed
each track using a five-framemoving average prior to calculating
the average displacements between frames to arrive at themean
instantaneous speed. In general, vesicles move with very low
speeds or are essentially immobile, which is consistent with
previous observations (Lemke and Klingauf, 2005; Westphal
et al., 2008). However, on average, our data show that evoked
vesicles move with nearly twice the speed of spontaneous vesi-
cles (evoked: 146 ± 11 nm/s, n = 11 experiments; spontaneous:
89 ± 8 nm/s, n = 21 experiments; p = 0.00004; Figure 2E) sug-
gesting a possible difference in the machinery driving vesicle
motion for these two categories.Differential Extent of Directed Motion by Spontaneous
and Evoked Vesicles
In order to analyze the degree to which the vesicles exhibit direc-
tionally correlated displacements, our second analysis focused
on computing the amount of time each vesicle spent in executing
‘‘directed motion,’’ i.e., movement leading to a large net
displacement in a given direction for some period of time (as in
the example shown in Figure 3A). Quantitatively, this behavior
necessitates two criteria. First, there should be a high correlation
in the directionality between consecutive displacements and,
second, the vesicle must be moving at a relatively high speed.
Conversely, the ‘‘nondirected’’ motion requires only a lack of
correlation between consecutive displacements regardless of
speed, because large jumps in uncorrelated directions will likely
result in little net displacements. Portions of the track in which
the vesicle was moving relatively slowly but with directional
correlation were not classified in either category. By setting the
appropriate thresholds for directional correlation and vesicle
speed, we were able to automate the process of categorizingNeuron 73, 1108–1115, March 22, 2012 ª2012 Elsevier Inc. 1111
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(Figures 3A, 3B, and S3). Automation eliminated the possibility
of human bias and ensured that analyses of all tracks were per-
formed in the same way. In addition, our analysis program was
designed to not rely on model-specific parameters, therefore
removing the need for training or parameter optimization for
different experimental conditions.
The results of this analysis (Figure 3C) indicate that evoked
and spontaneous vesicles have differing abilities to engage in
directed motion, such that the evoked vesicles spent twice the
amount of time in directed motion than spontaneous vesicles
(evoked vesicles: 16.1% ± 3.0%, n = 11 experiments; sponta-
neous: 8.6% ± 2%, n = 21 experiments; p < 0.05). We further
examined whether the ability of evoked vesicles to engage in
directed motion depends on a particular form of activity-evoked
retrieval. We examined ‘‘early’’ endocytosis that occurred within
10 s immediately following stimulation and a ‘‘late’’ form of
endocytosis that took place with a 20 s delay following stimula-
tion (Figure 3D). Vesicles undergoing early endocytosis ex-
hibited an increased extent of directed motion relative to the
overall population of evoked vesicles (25.4% ± 4%; n = 5 exper-
iments; p < 0.05), whereas vesicles undergoing late endocytosis
had a tendency toward reduced extent of directed motion
(13% ± 5%; n = 4 experiments; ns) (Figure 3D). It is important
to note that all populations of vesicles had a significant propor-
tion of nearly immobile vesicles that did not exhibit any directed
motion. We also note that the reduced extent of directed motion
for the late endocytosed vesicles might arise, in part, from
increased relative contribution from spontaneous endocytosis
to this category, because activity-evoked retrieval may occur
predominately in the first several seconds following stimulation
(Leitz and Kavalali, 2011). These results suggest that the specific
mode of endocytosis is an important determinant of a vesicle’s
ability to subsequently engage in directed motion. Because
of the fundamental nature of evoked and spontaneous neuro-
transmission, we focused on examining the mechanisms of
differential mobility of these two vesicle categories without
further distinguishing specific modes of evoked vesicle endocy-
tosis. The difference in ability to execute directed motion by
spontaneous and evoked vesicles suggests that these two
vesicle categories may have different engagements with mech-
anisms for active transport within the synapse. We therefore
hypothesized that one possible difference between evoked
and spontaneous vesicles may reside in their association or
attachment to molecular motors.
Vesicle Motional Differences Are Myosin II Dependent
To investigate this hypothesis, we performed similar vesicle
motion studies as described above after exposure to the myosin
light chain kinase (MLCK) inhibitor, ML-9 (Ryan, 1999; Saitoh
et al., 1987). In these experiments, we followed the same labeling
protocol for each vesicle category (Figure 1A) and exposed the
cultures to 20 mM of ML-9 for 2.5 min prior to and during the
imaging process. At this concentration, the action of ML-9 is ex-
pected to be MLCK specific, and its effects on other protein
kinases, such as PKC and PKA, should be negligible (Ryan,
1999; Saitoh et al., 1987). Previous studies using bulk measure-
ments of vesicle motion indicated that ML-9 exposure strongly1112 Neuron 73, 1108–1115, March 22, 2012 ª2012 Elsevier Inc.reduced vesicle mobility (Jordan et al., 2005). Here, we found
that this effect of ML-9 was specific to the mobility of evoked
vesicles by reducing their spatial range of motion by nearly
half, while having no significant effects on the spatial range of
spontaneous vesicles (Figure 3E). Furthermore, ML-9 exposure
strongly reduced the amount of time evoked vesicles spent in
directed motion (Figure 3F) and almost completely eliminated
the faster component of evoked vesicles’ speed distribution
(Figures 3G and 3H), while having no significant effects on the
motion of spontaneous vesicles (Figures 3E and 3F). Previous
work attributed the effects of MLCK inhibitors ML-7/ML-9 on
synaptic vesicle trafficking to an off-target effect of reducing
calcium influx via voltage-gated calcium channels (VGCCs)
rather than inhibition of MLCK (Tokuoka and Goda, 2006). We
thus tested whether 20 mMML-9 used in our experiments affects
VGCC function. Whole-cell calcium currents were isolated phar-
macologically in CA1 pyramidal neurons before and after 5 min
perfusion of ML-9 (Figure S4A). We did not observe significant
effects of ML-9 on either the peak or sustained VGCC currents,
indicating that ML-9 effects on vesicle mobility are unlikely to be
mediated by a reduction in calcium influx. Taken together, these
data show that all major motion characteristics became indistin-
guishable between spontaneous and evoked vesicles in the
presence of ML-9 (Figures 3E–3H). These results suggest that
one difference between evoked and spontaneous vesicles has
to do with a differential engagement to the myosin family of
motor proteins, which seems to be critical for active transloca-
tion within the synapse.
Among the 18 myosin classes identified so far, classes II and
V have been best characterized in neurons (Takagishi et al.,
2005). We found that blebbistatin, a highly selective inhibitor of
myosin II (Allingham et al., 2005), nearly completely eliminated
directed motion of evoked vesicles (Figure 3F) and markedly
reduced their spatial range of motion to a level indistinguishable
from the motion range of spontaneous vesicles (Figure 3E).
Blebbistatin also almost completely eliminated the faster
component of evoked vesicles’ speed distribution (Figures 3G
and 3H). The effects of blebbistatin on evoked vesicle motion
were not due to off-target effects on VGCCs (Figure S4B). Simi-
larly to ML-9, blebbistatin had no significant effects on the
motion characteristics of spontaneous vesicles (Figures 3E
and 3F). These results indicate that myosin II is the predominant
molecular motor that supports directed vesicle motion within
hippocampal synapses. This result also provides further justifi-
cation for our definition of directed motion, linking it directly to
active myosin-mediated transport. These findings indicate that
differential motion dynamics of spontaneous and evoked vesi-
cles arise, at least in part, from their differential ability to engage
in myosin II-dependent transport. The roles of cytoskeleton-
based transport in synaptic transmission and plasticity have
long been suggested (Cingolani and Goda, 2008), yet whether
it controls vesicle motion and recycling at synapses remains
controversial due to contradicting and indirect previous
measurements (Prekeris and Terrian, 1997; Sankaranarayanan
et al., 2003; Schnell and Nicoll, 2001; Takagishi et al., 2005).
To the best of our knowledge, our results provide the first direct
evidence of active, molecular-motor-mediated vesicle motion in
central synapses.
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(A) Analysis of spontaneous mEPSCs (in the
presence of 1 mM TTX) in CA1 pyramidal neurons
in hippocampal slices at 34C before and after
30 min incubation with blebbistatin (100 mm); n = 5.
Representative mEPSC traces shown are from an
average of 30 mEPSCs in the same cell for each
condition. (B and C) Effects of blebbistatin
(100 mm, 30 min incubation) on evoked synaptic
transmission during high-frequency trains (80 Hz,
150 stimuli). Whole-cell EPSCs were recorded in
CA1 pyramidal neurons in slices at 34C in the
presence of AP-5 (50 mm) and gabazine (5 mm);
n = 7. Representative EPSC traces shown are
normalized to EPSC1 and are from an average of
five trials in the same cell. **p < 0.01. Error bars
indicate ± SEM.
Neuron
Differential Synaptic Vesicle DynamicsFunctional Role of Myosin II-Dependent Vesicle Motion
in Synaptic Transmission
What role does active vesicle motion play in synaptic transmis-
sion? It has long been hypothesized that increased vesicle
mobility may contribute to sustaining or even facilitating synaptic
transmission during neural activity by mobilizing vesicles from
the reserved pool. This mobilization, however, was generally
thought not to involve cytoskeleton-dependent transport, but
rather diffusional motion (Levitan, 2008). This conclusion was
also supported by indirect measurements of vesicle mobility
(Gaffield et al., 2006; Jordan et al., 2005; Sankaranarayanan
et al., 2003; Shakiryanova et al., 2005). We therefore tested
whether myosin II-mediated vesicle transport plays a role in
vesicle mobilization and synaptic transmission. If this were
indeed the case, our results would predict that myosin II inhibi-
tion would have no impact on spontaneous neurotransmission
but would impair evoked transmission during periods of sus-
tained neuronal activity, when transmission depends on the
resupply of vesicles. We mimicked such conditions in hippo-
campal slices by stimulating Schaffer collaterals with high-
frequency trains (80 Hz, 150 stimuli), while assessing synaptic
transmission by using whole-cell recordings in CA1 pyramidal
neurons before and after 30 min incubation with blebbistatin
(100 mM). Myosin II inhibition did not affect basal transmission
(p = 0.65; n = 7) but caused a markedly reduced synaptic
transmission during high-frequency trains (Figures 4B and 4C).
Consistent with our observations on spontaneous vesicle
motion, myosin II inhibition had no effect on either the frequency
(p = 0.64; n = 5) or the amplitude (p = 0.88; n = 5) of spontaneous
miniature excitatory postsynaptic currents (mEPSCs) (Figure 4A).
These results indicate that myosin-mediated transport is specific
to evoked, but not spontaneous, neurotransmission and plays
a role in supporting vesicle mobilization.
Taken together, our results indicate that significant differences
inmobility exist between vesicles that undergo spontaneous and
activity-evoked endocytosis, particularly in their ability to engage
in directed motion. Our data further indicate that these motional
differences depend, in a large part, on themyosin family of motor
proteins, particularly myosin II. This notion is supported by the
strong effects of myosin II inhibition on evoked synaptic trans-mission during high-frequency trains, but not on spontaneous
transmission, pointing to a role for myosin II-dependent trans-
port in vesicle mobilization during neuronal activity.
Vesicles that undergo activity-evoked and spontaneous endo-
cytosis are found throughout the nerve terminals, sometimes
hundreds of nanometers from the active zone (Sara et al.,
2005; Schikorski and Stevens, 2001), and thus need to be trans-
located to the sites of fusion for a subsequent round of release.
The differential ability of spontaneous and evoked vesicles to
engage in myosin II-mediated transport may thus provide
a mechanism for the observed differences in availability of these
two categories of vesicles for release (Chung et al., 2010; Fredj
and Burrone, 2009). It is important to note that our conclusions
do not necessitate the existence of two nonoverlapping pools
of spontaneous and evoked vesicles, as was hypothesized
previously (Chung et al., 2010; Fredj and Burrone, 2009; Hua
et al., 2011; Sara et al., 2005), because it is still unknownwhether
these mobility differences are preserved throughout multiple
rounds of fusion or are simply a consequence of the vesicles’
most recent exo-/endocytosis mechanism. Indeed, although
evoked and spontaneous vesicles are believed to share the
same fundamental fusion machinery and calcium sensor for
release (Geppert et al., 1994; Xu et al., 2009), recent studies
indicate that these two vesicle categories differ in the molecular
machinery modulating their fusion (Groffen et al., 2010; Pang
et al., 2011), as well as in their endocytic mechanism (Hua
et al., 2011), particularly in the requirement for actin
cytoskeleton.
Our conclusions may also be perceived to be in conflict with
previous findings indicating that spontaneous and evoked vesi-
cles have identical properties (Groemer and Klingauf, 2007;
Hua et al., 2010; Wilhelm et al., 2010). However, we note that
these previous studies focused on vesicle properties, such as
bulk exo-/endocytosis behavior using probes targeting the
vesicle membrane or the vesicle-associated proteins. In
contrast, our work focused on the less well-studied vesicle
dynamic behavior inside synaptic terminals. It thus remains to
be determined whether the differential vesicle mobility we
observed arises from differences in the molecular composition
of the vesicles, their differential spatial proximity to theNeuron 73, 1108–1115, March 22, 2012 ª2012 Elsevier Inc. 1113
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Differential Synaptic Vesicle Dynamicscytoskeletal elements, or possibly the history or calcium depen-
dence of the transport mechanisms themselves. The single-
vesicle tracking approachwepresented herewill provide a useful
tool to address these questions and to further study the relation-
ship between vesicle mobility and synaptic functions.
EXPERIMENTAL PROCEDURES
Cell Culture and Slice Preparation
Dissociated primary cultures of rat hippocampal neurons were created as
previously described (Murthy and Stevens, 1999). All imaging experiments
were carried out at 12–15 days in vitro. For electrophysiological recordings,
we prepared 350 mm transverse hippocampal slices from 15- to 25-day-old
animals, as previously described (Deng et al., 2011). All animal procedures
conformed to the guidelines approved by the Washington University Animal
Studies Committee.
Fluorescence Microscopy
All experiments were conducted at 37Cwithin a whole-microscope incubator
(In Vivo Scientific). Fluorescence was excited with a xenon lamp via a 1003,
1.4 NA oil-immersion objective (Olympus) and captured by using cooled elec-
tron multiplying charge-coupled device camera (Hamamatsu). Focal plane
was continuously monitored, and focal drift was automatically adjusted with
10 nm accuracy by an automated feedback focus control system (Ludl Elec-
tronics). Field stimulation was performed by using a pair of platinum electrodes
and controlled by the software via Master-8 stimulus generator (A.M.P.I.). See
Supplemental Experimental Procedures for details.
Image and Data Analysis
The feature identification and subpixel localization were performed by using
uTrack software package that was kindly provided by Dr. Danuzer’s laboratory
(Jaqaman et al., 2008). The input parameters for the PSF were determined by
using stationary green fluorescent 40 nm beads. Localization of functional
synapses was performed by using ImageJ. Quantification of vesicle motion
was performed by using the five-frame moving average of vesicle position to
mitigate the effects of noise.
Electrophysiology
Whole-cell recordings were performed by using an Axopatch 700B amplifier
(Molecular Devices) from CA1 pyramidal neurons in acute hippocampal slices
at 34C. EPSCs were evoked by stimulating Schaffer collaterals with a bipolar
electrode in the presence of AP-5 (50 mm) and gabazine (5 mm). Data were
filtered at 2 kHz, digitized at 20 kHz, acquired by using custom software written
in LabView, and analyzed by using programs written in MATLAB or
MiniAnalysis.
Pharmacology
ML-9, blebbistatin, and nocodazole (Sigma-Aldrich) were dissolved in DMSO,
with the final concentration of DMSO of 0.1% or less.
Statistical Analysis
Statistical significance was determined using one-sided analysis of variance
(ANOVA) test, Mann-Whitney test, or two-sided t test, where appropriate.
The number of experiments reported reflects the number of different cell
cultures tested.
Transient Motion Analysis
Vesicle motion classification was based on two parameters: mobility and
the directional correlation. For detailed formulation, see Supplemental
Experimental Procedures.
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